Calcium carbonate (CaCO3) has three distinct anhydrous polymorphs, namely vaterite, aragonite and calcite. Although there is a high demand for aragonite and vaterite polymorphs for biomedical use, their unstable nature makes it challenging to synthesize them compared to calcite, which is the most stable form of CaCO3. Despite the remarkable effort on stabilizing vaterite and aragonite polymorphs in aqueous solutions, phase-pure vaterite and aragonite polymorphs have not been synthesized yet, without referring to the use of additives, surfactants or elevated temperatures. Herein, the effect of ethylene glycol (EG) concentration and temperature on the formation of vaterite and aragonite particles were investigated at 25 °C and 70 °C. Results showed that 60% EG containing precursor solution -without any other additive-can prevent vaterite/aragonite-to-calcite transformation regardless of the synthesis temperature. Furthermore, the size of CaCO3 particles decreased as EG concentration increased and it reached its minimum average values at 80% EG. The results of this study revealed the potential use of the proposed synthesis route to stabilize vaterite and aragonite polymorphs, tailor their content, morphology and size without using any additives, surfactants and elevated temperatures.
INTRODUCTION
Calcium carbonate (CaCO3) is one of the most abundant minerals on earth [1] . Owing to its availability, non-toxic nature and ideal mechanical properties, CaCO3 is extensively used in cosmetic and healthcare industries [2] . CaCO3 exists in three anhydrous polymorphs, namely vaterite, aragonite and calcite having hexagonal, orthorhombic and rhombohedral crystal structures, respectively [3] . Owing to their biocompatible nature and dispersibility, numerous studies were conducted on the synthesis and transformation of CaCO3 particles to reveal their potential as drug delivery vehicles and additives for orthopedic applications [4, 5] . One such example was the use of vaterite particles which are degradable in vivo due to their high solubility in acidic components, i.e. metabolites and hydrolysis enzymes [6] . Thus, utilizing vaterite particles as biodegradable pHsensitive drug delivery vehicles became prominent [7, 8] . Recently, Wang et al. [9] synthesized folic acid modified spherical vaterite particles for doxorubicin (DOX) delivery and observed an increased DOX release rate with a decrease in pH in vitro. Similarly, Qiu et al. [10] investigated anticancer drug camptothecin loaded vaterite particles and reported an 8-fold increase in the cumulative release of camptothecin at pH 6.0 (simulates cancerous tissue) compared to its release at physiological pH. Along the same line, aragonite also exhibited a great potential as a drug delivery vehicle. Kamba et al. [11] prepared DOX incorporated aragonite particles to fight against breast cancer and observed that DOX treatment was more effective in reduction of cancer cell viability when it was delivered within aragonite particles than that of itself alone. Saidykhan et al. [12] prepared vancomycin loaded aragonite particles for treatment of osteomyelitis (infection in bone) and reported that particles were nontoxic and effective against Staphylococcus aureus growth in vitro. These studies indicated the potential use of vaterite and aragonite particles for drug delivery applications, therefore synthesis methods to obtain these polymorphs at room temperature need to be addressed.
Among various methods to synthesize CaCO3 particles, solution mixing is the most commonly used technique due to its simplicity and ease of control on the process parameters [7] . However, aqueous conditions combined with severe stirring/heating during the solution mixing technique favor the dissolution of unstable CaCO3 polymorphs (vaterite and aragonite) and transform to thermodynamically more stable calcite polymorph. As a matter of fact, this phenomenon was proved to be independent of the synthesis technique where various studies reported vaterite (log Ksp,vaterite= -7.913; Ksp: solubility product) to crystallize initially from amorphous CaCO3 (log Ksp= -6.400), followed by transformation to aragonite (log Ksp,aragonite= -8.360) or calcite (log Ksp,calcite= -8.475) by dissolution and recrystallization [13, 14] . Log Ksp values of vaterite and aragonite polymorphs are less negative compared to calcite, indicating the difficulty in stabilizing these polymorphs and preventing calcite transformation in aqueous environments. One potential method to prevent calcite transformation is to provide chemical conditions which inhibit vaterite/aragonite dissolution in the first place. Accordingly, the concentrations of free polymorph ions in the solution become insufficient for calcite supersaturation, and thus vaterite/aragonite polymorphs are stabilized.
In literature, there are various techniques to alter supersaturation by changing the free ionic content of the solution. For instance, additives and surfactants were incorporated into aqueous CaCO3 precursor solutions to control their supersaturation by reacting them with calcium (Ca 2+ ) or carbonate (CO3 2- ) ions and determine their influence on CaCO3 crystallization [7, 15] . Chen et al. [16] added hexadecyl(trimethyl) azanium bromide (CTAB) and sodium dodecyl sulfate (SDS) surfactants inside the precursor solutions and transformed vaterite into aragonite by altering CTAB/SDS ratio from 0 to 5. Similarly, Yan et al. [17] supplied Pluronic F-127 and SDS into the solution and observed favored vaterite formation upon their simultaneous addition. On the other hand, for a scenario where additives were not incorporated into the solution, a higher energy was required to crystallize the aragonite polymorph, and thus high temperature applications became a potential route for aragonite synthesis. Chen et al. [18] altered synthesis temperature and successfully crystallized vaterite particles at 30-40 °C, while aragonite particles were observed at 80 °C.
Although most of the studies reported incorporation of surfactants or high synthesis temperatures to stabilize vaterite and aragonite particles, the use of ethylene glycol (EG) as a precursor solvent to control stability of CaCO3 particles and polymorphic transformations might be an alternative approach [19, 20] . EG is a nonaqueous polar solvent and miscible in water at all proportions [20, 21] . Since water increases the solubility of metastable polymorphs and favor formation of calcite, using EG instead of water can limit the formation of calcite. In fact, EG based precursors were reported for the synthesis of different CaCO3 morphologies [22, 23] . However, systematic changes of precursor EG concentration at multiple temperatures and correlating the associated structural changes of CaCO3 particles were not studied in detail. Herein, a simple processing route to decrease the solubility of vaterite and aragonite through the use of EG solvent was presented. The processing route can serve as a simple alternative to control the formation of CaCO3 particles with various morphologies and sizes, potentially offering ideal candidates for drug delivery and orthopedic applications.
EXPERIMENTAL METHODS

Materials and Methods
Calcium acetate (Ca(C2H3O2)2, Sigma Aldrich), sodium bicarbonate (NaHCO3, Sigma Aldrich), ethylene glycol (EG; (CH2OH)2, Sigma Aldrich, ≥99%) and ethanol (C2H6O, Merck, ≥99.9%) were obtained commercially and used as-received. Ultrapure water (Millipore, Milli-Q purification) was used for each experiment.
Particle synthesis was performed at two temperatures; 25 and 70 °C. For each temperature, 0-90 vol% EG containing aqueous solutions were prepared to investigate the effect of EG concentration on crystallization of CaCO3 polymorphs. To synthesize CaCO3 particles, aqueous calcium acetate (0.3 M) and sodium bicarbonate (0.9 M) precursor solutions were prepared separately, followed by incorporation of EG into each solution to obtain a total volume of 25 ml. Once the temperature of the solutions were stabilized at the desired value (25 or 70 °C), solutions were mixed quickly under magnetic agitation at 500 rpm for 15 minutes to initiate CaCO3 precipitation. Afterwards, the solution was kept at the same temperature for 1 hour without agitation. Then, the precipitate was washed using ethanol and ultrapure water, respectively. Lastly, CaCO3 particles were collected by centrifugation (7200 rpm, 15 minutes, 22 °C) and dried at 50 °C.
Characterization
The CaCO3 polymorphs were analyzed using Rigaku D/Max-2200 X-ray diffractometer with monochromatic Cu Kα radiation (λ=1.54 Å) at 40 kV accelerating voltage and 30 mA current. CaCO3 particles were scanned between 20-60° (2θ) at a scanning rate of 2°/min. Rietveld refinement analysis was performed using General Structure Analysis System II (GSAS-II) to calculate weight percentages of each CaCO3 polymorph [24] . Morphology and size of particles were investigated using Nova Nano SEM 430 electron microscope at 20 kV accelerating voltage. Prior to SEM imaging, particles were coated with a thin layer of gold to create a conductive path using Quorum SC7640 high resolution sputter coater. ImageJ software was used to calculate average particle size from 30 particles for each sample. For size measurements, longest axis values of the predominant polymorph (vaterite or aragonite) were reported. CaCO3 polymorphs were also characterized using Perkin Elmer Spectrum 100 Fourier Transform Infrared (FTIR) spectrometer using attenuated total reflection (ATR) configuration. Each sample was scanned 4 times in 1000-600 cm -1 range with a resolution of 4 cm -1 .
RESULTS AND DISCUSSION
The XRD patterns of CaCO3 particles synthesized using different concentrations of EG at 25 °C were shown in Figure 1a . In the spectra, all peaks could be indexed to vaterite 
and (113) crystallographic planes were observed at varying intensities [25] . The variation of polymorph content in synthesized CaCO3 particles with respect to the EG concentration is calculated by Rietveld Refinement of XRD patterns given in Figure 1a . As shown in Figure 1b , in the absence of EG in the precursor solution (ultrapure water), CaCO3 particles were composed of 50 wt% calcite and 50 wt% vaterite. As EG concentration of the precursor solutions gradually increased, vaterite fraction of the synthesized powder increased, reaching a maximum value at 60% EG. As mentioned previously, calcite is the stable form of CaCO3 at ambient conditions and synthesis of vaterite or aragonite without forming calcite is challenging [26] . However, almost phase-pure vaterite (98 wt%) was obtained in this study by incorporating 60% EG into the aqueous precursor solutions. Having this said, when the CaCO3 synthesis temperature increased to 70 °C, aragonite particles (ICDD: #005-0453) along with calcite and vaterite particles formed. XRD patterns of CaCO3 particles synthesized using different concentrations of EG at 70 °C were displayed in Figure 1c . (110) and (113) crystallographic planes were observed, respectively [27] . As shown in the Rietveld refinement results (Figure 1d ) of the XRD patterns given in Figure 1c , incorporation of EG into the precursor solutions favored formation of metastable CaCO3 polymorphs (vaterite and aragonite) rather than calcite polymorph. In the absence of EG in the precursor solution, CaCO3 particles consisted of 51 wt% calcite and 48 wt% aragonite. Upon the incorporation of 20% EG into the precursor solutions, vaterite/aragonite-tocalcite transformation was suppressed. At this EG concentration, particles contained 4 wt% vaterite, 75 wt% aragonite and 21 wt% calcite. As EG concentration increased further, the aragonite and vaterite content of the synthesized particles significantly altered. Up to 60% EG, aragonite formation dominated over vaterite, whereas after 70% EG, vaterite content maximized. These results indicated 60-70% EG concentration range to be critical in determining the degree of vaterite- to-aragonite transformation at moderate synthesis temperature.
XRD findings were in agreement with previously published literature on CaCO3 synthesis [20, 28] . As previous literature suggested, incorporation of EG into the precursor solutions provided hydroxyl (OH -) groups for the system. These (OH -) groups possessed high cohesive energy and attracted oppositely charged free Ca +2 cations [20, 28] . The adsorption of (OH -) ions changed the surface free energy of vaterite leading to higher thermodynamic stability compared to calcite, and thus, vaterite dissolution was prevented [28, 29] . In fact, the efficiency for suppression of calcite crystallization depended on the amount of OH -groups supplied by EG incorporation into the precursor solutions.
Aragonite particles, on the other hand, required extra energy to crystallize, which was typically provided via increasing the synthesis temperature. For instance, Flaten et al. [28] were able to synthesize aragonite particles (up to 76 wt%) at 80 °C, whereas repeating the same procedure at room temperature failed to obtain aragonite. In another study, Chen et al. [30] increased solution temperature during nucleation stage by microwave power and synthesized bundle-shaped aragonite particles at 90 °C. Similarly, in this study, almost phase pure vaterite particles synthesized at 25 °C using high EG concentrations, yet aragonite particles could not be formed at this temperature independent of the presence or absence of EG. Along the same line, it can be speculated that incorporation of EG limited dissolution of vaterite to form aragonite and stabilized this polymorph despite higher synthesis temperature, indicating its dominating efficacy at higher concentrations. It is clear that changing the amount of (OH -) ion supply to the precursor solution via altering the precursor solvent type can provide potential stabilization routes for each CaCO3 polymorph at temperatures ≤70 °C.
In addition to XRD, FTIR was also used to characterize the CaCO3 polymorphs. Particles synthesized at 25 °C (Figure 2a) showed absorption bands of vaterite at 877 cm -1 (v2), 849 cm -1 (v2), 744 cm -1 (v4) and calcite at 877 cm -1 (v2), 712 cm -1 (v4), whereas particles synthesized at 70 °C (Figure 2b) showed additional aragonite absorption bands at 854 cm -1 (v2) and 700 cm -1 (v4) [31, 32] . These results were consistent with XRD results given in Figure 1 , where vaterite and aragonite polymorphs were observed at different amounts depending on the EG concentration and synthesis temperature. FTIR confirmed formation of almost phase-pure vaterite using 60% EG at 25 °C and predominant formation of aragonite at EG concentration below 70% at 70 °C. Additionally, absorption bands of EG at 725 cm -1 (C-H) and 885 cm -1 (C-C) were not evident in any of the FTIR spectra, indicating complete removal of adsorbed EG from the precipitated CaCO3 particles [33] .
In order to investigate the effect of EG incorporation on the particle size and morphology, synthesized CaCO3 particles were visualized under SEM. Figure 3 showed SEM micrographs of the particles obtained at 25 °C using various EG concentrations (0-90%). In literature, vaterite polymorph typically obtained in ellipsoidal or spherical, calcite polymorph typically obtained in rhombohedral and aragonite polymorph typically obtained in needle-like morphologies [7] . SEM micrographs of vaterite particles shown in Figure  3 were in line with these findings. At the two extreme EG concentrations (0% and 90% EG), vaterite crystals exhibited spherical growth, whereas at intermediate concentrations, they grew in ellipsoidal and spheroidal morphologies. Considering that the sphere morphology is the lowest (surface) energy form of particles synthesized in solutions, ellipsoidal vaterite particles possessed higher surface free energy at intermediate EG concentrations. It can be speculated that as vaterite dissolution was inhibited by OH -groups of EG, highly viscous nature of EG limited migration of anions from the solution towards the surface, delaying growth of vaterite nuclei, and thus forming individual vaterite particles formed by attachment of much smaller vaterite crystals (i.e. Figure 3e inset) [33] . Along the same line, these results also suggest that there might be a competition between the oriented attachment of small crystals on their highest energy planes leading to growth into ellipsoidal particles (i.e. Figure 3e inset ) and dissolution and attachment of small nucleates uniformly across the particle to obtain a more spheroidal morphology (i.e. Figure 3 b, c, d inset) [34] . In addition, particles synthesized at 0% EG had the highest average particle size (8.09 ± 1.64 µm) at 25 °C as shown in Figure 5 . Incorporation of more EG into the precursor solutions decreased average particle size, reaching its minimum (0.92 ± 0.17 µm) at 80% EG. Parakhonskiy et al. [35] observed a similar trend in their study and obtained minimum vaterite particle sizes using 83% EG compared to 0% (pure water), 17% and 50% EG concentrations. At 70 °C (Figure 4 ), urchin-like aragonite particles grew at concentrations below 60% EG. The attachment of aragonite needles to each other most probably on the same crystallographic plane leading to urchin-like morphology was repeatedly observed at each EG concentration below 60%. Similar to vaterite growth, the underlying reason for attachment of needles to obtain urchin-like particles was to decrease the surface energy via growing around their highest energy crystallographic planes. For CaCO3 particles synthesized at 70 °C, the effect of EG concentration on average particle size was more remarkable due to polymorphic transformation and morphological change. Figure 5 showed highest average particle size (20.60 ± 2.11 µm) at 0% EG for particles synthesized at 70 °C, while this value decreased with increasing EG concentrations, reaching its minimum (1.92 ± 0.52 µm) at 80% EG.
In this study, the effects of EG incorporation and temperature on the polymorph, morphology and size of CaCO3 particles were investigated. Conclusions can be summarized under two main titles:
1 -Stabilization (dissolution inhibition) of the polymorphs under certain conditions:
To stabilize a CaCO3 polymorph, one of the key parameters is decreasing its solubility in the mixed precursor solution. Higher the solubility of a polymorph -proportional to the number of the free polymorph ions in solution (i.e. Ca 2+ and CO3 2-)-higher the probability of dissolution. Among four main CaCO3 polymorphs, amorphous CaCO3 has the highest solubility leading to its rapid formation and dissolution during the initial stages of precursor solution mixing. Once amorphous CaCO3 dissolves, ions recrystallize into vaterite, which is the least stable among anhydrous forms of CaCO3 (vaterite, aragonite, calcite) [36] . The inhibition of dissolution and calcite crystallization (lowest solubility and free energy) by changing the number of available ions in solution is the key approach to stabilize vaterite and/or aragonite. This study suggested that OH -groups in EG can bind polymorph ions, therefore, alter supersaturation and lead to stabilization of unstable CaCO3 polymorphs [29] . 2 -Morphology and size of the precipitated polymorphs:
Results revealed that 60% EG as the optimum concentration to synthesize phase-pure vaterite at 25 °C and aragonite at 70 °C. At 25 °C, spheroidal (20-60% EG), ellipsoidal (80% EG) and spherical (0% and 90% EG) vaterite particles were observed. As temperature increased to 70 °C, urchin-like aragonite particles (0-60% EG) in addition to spheroidal (80% EG) and ellipsoidal (90% EG) vaterite particles were obtained. At both temperatures, average particle size was highest at 0% EG, i.e. 8.09 ± 1.64 µm at 25 °C and 20.60 ± 2.11 µm at 70 °C, whereas these values decreased with increasing EG concentration and minimum values were obtained at 80% EG, 0.92 ± 0.17 µm at 25 °C and 1.92 ± 0.52 µm at 70 °C. Though the determination of growth behavior necessitated detailed HRTEM analysis, it could be speculated that with increasing EG concentration, particles nucleated and stabilized at smaller sizes, and then grew by oriented attachment depending on the limits imposed by the presence (dissolution inhibition) and the motion (increased viscosity) of the free ions in the solution [34] .
This study presents a road-map to limit and control extend of vaterite/aragonite-to-calcite transformation at lower temperatures without using additives, surfactants or complex synthesis procedures as reported in literature. According to the results, EG concentration and temperature of precursor solutions may be used as experimental variables for precisely controlling polymorph, morphology and size of synthesized CaCO3 particles to maximize the efficacy of these particles in biomedical applications.
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